SUMMARY A method of quantitative autoradiography using M C-labelled 5,5-dimethyl-2,4-oxazolidinedione I4 C-DMO to evaluate the local changes in brain pH after ischemia is described. In normal control raU the calculated tissue pH values in gray matter were slightly lower than those in white matter, and there was no significant difference in the calculated pH among the various structures in cortical and subcortical gray matter. Four hours after a left middle cerebral artery (MCA) occlusion, marked reductions in M C-DMO concentrations were demonstrated in the anterior two-thirds of the cerebral cortex and in the lateral part of the caudate nucleus indicating tissue acidosis in these areas. Although several assumptions are required for the calculation of pH in brain tissue, this method would appear very useful in the investigation of the altered metabolic state In ischemlc brain. The applicability of "C-labelled DMO to positron emission tomography (PET) for the study of cerebral acid-base balance has recently been proposed. 10 Regional pH changes in the brain using quantitative autoradiography with I4 C-DMO have not been studied extensively, yet such a study could demonstrate regional pH, in normal brain and the changes that occur in it in diseased brain. This information could then be correlated with regional cerebral blood flow and metabolism.
The applicability of "C-labelled DMO to positron emission tomography (PET) for the study of cerebral acid-base balance has recently been proposed. 10 Regional pH changes in the brain using quantitative autoradiography with I4 C-DMO have not been studied extensively, yet such a study could demonstrate regional pH, in normal brain and the changes that occur in it in diseased brain. This information could then be correlated with regional cerebral blood flow and metabolism.
The purpose of this paper is to describe regional pH values of normal rat brain using quantitative autoradiography with I4 C-DMO. The same methodology is then applied to study pH changes in an ischemic model. Methodological problems and practical limitations are also discussed.
Materials and Method General Procedure
Sprague-Dawley rats (20O-250g) were used throughout the experiments. They were anesthetized with 1.5-2.0% halothane during cannulation of femoral artery and vein and during the occlusion of the middle cerebral artery. For all experiments I4 C-DMO (specific activity 55 mCi/rnmol; Amersham, Bucks, England) was dissolved in saline. Rats were allowed to awaken from anesthetic for 30 minutes before the start of U C-DMO infusions. During the experiments, the lower half of the rat's body was immobilized with a loose-fitting plaster cast on a lead block-Body temperature was kept around 37°C with a heating pad. Blood pressure and blood gases were serially checked during the experiment.
Equilibrium Study of "f-DMO Fifteen rats were used to evaluate the clearance of I4 C-DMO from plasma and the distribution of l4 C-DM0 in brain after intravenous injection. Each rat received 5-10 /xCi of 14 C-DM0 in 0.5 ml of saline. One hundred til of arterial blood were taken every 30 minutes after injection for determination of DMO content. In 3 animals serial blood samples only were performed. In 2 rats blood samples were taken at 1, 2, 5, 15 and 30 minutes after injection, at which time the animals were decapitated. Another 10 animals were decapitated at 60 min (4 rats), 120 min (4 rats) and 240 min (2 rats) after injection. The brain from these 12 animals was rapidly removed after decapitation, and after careful washing of blood and removal of pia a segment of frontal lobe was removed for scintillation counting. The tissue sample was digested using Portosol (NEN). Radioactivity in plasma samples and in brain digests were then counted with liquid scintillation counter (1215 Rackbeta Liquid Scintillation counter, Wallac oy Turku, Finland Koodi 3-1215-ED4) after adding scintillation cocktail (Scintiverse I, Fisher Scientific Company). Measurements were made in duplicate.
Autoradiographic Technique
Six norrnal control rats were used for the determination of regional pH jn brain. Each rat received 0.6-0.7 rnl of I4 C-DMO solution (100 fid per 1 ml of saline) at least 30 minutes after awakening from anesthetic. Arterial blood samples were taken at 60 and 120 minutes after I4 C-DMO injection for determination of plasma I4 C-DMO radioactivity and blood gases. The values obtained just prior to decapitation, at 120 min after injection, were used for calculation of brain pH. The brains were rapidly removed and frozen in Freon 12 after careful removal of blood and pia. The spinal cord was then removed, homogenized using an ultrasonic
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homogenizer (Ultra-Turras, Janke & Kunkel GmbH & Co. KG), and the homogenate divided into two portions: one was frozen into a small tissue block with Freon-12, and the other used for scintillation counting, thus providing a reference for each autoradiogiaph. This was necessary because we noted that I4 C-DMO was somewhat unstable and could be lost from tissue slices exposed even to room temperature and atmosphere. The spinal cord tissue block, which was stored at -80°C until sectioning thus provided a tissue reference for each autoradiograph. Brain and spinal cord homogenate sections were cut 20 m thick in a cryostat (American Optical Company, Buffalo; NY) at -22°C. Each section was collected on a glass cover slip and dried at room temperature then placed on an X-ray film (Kodak SB 5). These procedures were completed within 60 min of decapitation. Exposure time was 8 days at 4°C. Local tissue concentration of I4 C was determined from the optical densities of anatomical structures and appropriately calibrated 14 C-methyl methacrylate standards (NEN) included in every autoradiograph. The densitometric measurements were made with a Photovolt Densitometer (Model 52, Photo volt Co., New York, NY) equipped with a 0.1 mm aperture.
Middle Cerebral Artery Occlusion
Middle cerebral artery (MCA) occlusion was performed according to the method of Tamura et al" in 5 rats. The operation was performed through a small subtemporal craniectomy under anesthesia using 1.5-2.0% halothane. The Stem of the proximal left MCA was occluded by electrocoagulation with a fine-tipped bipolar forcep (Week, C-15130) under the surgical microscope. Two hours after MCA occlusion, 60-75 /xCi of 14 C-DM0 was administered intravenously. Following the same procedure as above the rats were decapitated 2 hours after I4 C-DMO administration. In a separate experiment, the MCA was occluded orte hour after I4 C-DMO injection and the rat was decapitated 2 hours after MCA.occlusion. Samplings and autoradiographs were made as described above.
Calculation of pH in Brain Tissue
Calculation of pH, requires determination of I4 C-DM0 concentration in the intracellular space. Since autoradiography cannot distinguish between intra-and extracellular spaces, we calculated regional pH values in the brain by the following two methods:
1 
Time (min)
120 240 FIGURE 1.
I4 C-DMO concentration in plasma after I. V. injection. The mean radioactivity at 30 minutes after I. V. injection of '"C-DMO is taken to be 100.
We assumed the extracellular space to occupy 15% of gray matter and 5% of white matter in normal rat brain (see discussion). The extracellular space pH (pH c ) and DMO content [DMO] C in this space were regarded as equal to those in plasma.
A comparison of these two equations reveals that equation I can be approximated from II by assuming that %ECS is 0.
Results
Physiological Parameters
In the control rats, arterial blood pressure was 115 ± 14 mm Hg (mean SD), PaCO 2 was 39.5 ± 6.4 mm Hg and arterial pH was 7.36 ± 0.07. The plasma glucose was 142 ± 22 mg/100 ml. These parameters were not significantly different in the animals with middle artery occlusion.
a. Equilibration of I4 C-DMO:
The time course of 14 C-DMO concentration in plasma is shown in figure 1 . Because of minor variations among the animals the radioactivity level at 30 min after injection was set to 100. It can be seen that the plasma radioactivity level of I4 C-DMO declines only very gradually after the first hour of administration. Figure 2 shows the ratio of concentrations of 14 C-DM0, which were determined by scintillation counting in frontal lobe segments to those in plasma following intravenous injection. The brain to plasma ratio of 14 C-DM0 reached a steady state within 60 min. These results are similar to those of Rollins and Reed 12 who used nephrectomized rats. Based on figures 1 and 2, we chose to end our experiments 120 minutes following infusion of I4 C-DMO.
b. Autoradiographic Determination of pH in Normal
Rat Brain: Figure 3 shows some autoradiographic sections made 2 hours after injection of 14 C-DM0 in a normal rat. The densities in white matter appear slightly lower than those in gray. centration in brain tissue, determined autoradiographically, and plasma (DM0/DM0 p ). The lower DMO/ DMO p ratios reported in table 1 compared to figure 2 are likely secondary to the limited segment of brain used to obtain the data in the figure and the difference in counting techniques. The loss of tissue 14 C-DM0 from exposed brain slices referred to above may also have contributed to the difference. There were no differences in I4 C-DMO concentrations between left and right hemispheres, so the values reported in table 1 are averages of both. Table 1 also shows pH values obtained by the two different methods outlined above, pH, and pH,. The DM0/DM0 p values in white matter (corpus callosum, internal capsule) were significantly lower than those in any gray matter structure (p < 0.01), but there were no significant differences in pH, values between gray and white matter. The average pH, in white matter (corpus callosum and internal capsule in 6 rats) was 7.03 ± 0.05 which was significant- ly higher than that of any gray matter structure (p < 0.05). Figure 4 (A-D) shows autoradiographic sections obtained from an animal whose left MCA was occluded, followed in 2 hours by I4 C-DMO administration which in turn was followed 2 hours later by decapitation. Figure 4 (E-H) was obtained from a different animal whose MCA was occluded 1 hour after I4 C-DMO administration, and the animal was decapitated 2 hours later. Both rows of autoradiographs show a marked reduction of I4 C-DMO concentration in cerebral cortices, mainly frontal and sensorimotor, indicating acidosis in these areas. Sections (E-H) indicate in addition that the lateral part of the left caudate nucleus also has reduced 14 C-DMO concentration, probably due to a more proximal occlusion of the MCA. Although the distribution of lesions with decreased 14 C-DM0 radioactivity levels coincides with the region of reduced cerebral blood flow in this model, C-DM0 administration the results are comparable suggesting that blood flow is not a major limiting factor determining DM0 distribution. Figure 5 shows one autoradiographic section from an animal decapitated 4 hours after left MCA occlusion and 2 hours after I4 C-DMO administration. Since %ECS sharply decreases with any slight increase in total water content in cerebral cortex after complete ischemia, 15 " 17 we have assessed the possible effect of variation in %ECS on our results by calculating pH, with assumed %ECS values of 7.5% as well as 15%. As shown in the table adjoining figure 5, calculated pH, values are markedly decreased in the areas showing decreased density on the autoradiograph. The effect of MCA occlusion on pH, is limited geographically, and a decrease in %ECS raises the calculated pH,. Table 2 shows the ratio of I4 C-DMO concentrations in the structures in the occluded hemisphere to those in the non-occluded hemisphere at 4 hours after left MCA occlusion and 2 hours after I4 C-DMO administration. The mean I4 C-DMO ratios, in all cortical and subcortical structures except the medial geniculate were significantly lower than those in brainstem structures (p < 0.05). Other structures exhibited no significant differences in I4 C-DMO radioactivities between both hemispheres. The regional distribution of decreased I4 C-DMO activity in rats whose MCA was occluded one hour after DMO administration were indistinguishable from these results. Table 3 
c. Autoradiographic Determination of pH in Brain Tissue After Middle Cerebral Artery Occlusion:
Discussion
Cerebral ischemia invariably results in lactate accumulation and acidosis. 18 " 21 The hypothesis of Myers, 19 recently confirmed by Rehncrona, 22 states that when cerebral lactate levels in the adult animal reaches 20 to 25 mmol/kg recovery to a normal energy state is impossible. The implications of these findings for diabetic patients suffering a cerebrovascular accident have recently been outlined. 23 Thus, the extent of cerebral acidosis may be an important factor in determining the outcome of a stroke. Our study, combining an autoradiographic technique with a marker of cellular pH, describes the regional distribution of the acidosis resulting from MCA occlusion. We consider this a first step in studying factors that may affect this acidosis in its extent or intensity.
DMO is a non-toxic biochemically inert substance •Mean of these structures in the occluded side have significantly lower pH than in the nonoccluded side, p < 0.05. Row A represents pH, values assuming %ECS of 15% while row B assumes %ECSof 7.5%. The means indicated for the occluded side are averages of row B values.
that is only excreted slowly. 24 Its use is further simplified by the lack of any intracellular binding of DM0. 7 We present here two methods to calculate cerebral pH using DM0. Since water content has not yet been determined autoradiographically, we calculate pH, using equation 1 by assuming % water in gray and white matter to be 81% and 69%, respectively. These values are based upon cortical gray and white matter water contents reported in the dog and the cat. 25 Thus, these pH, values reflect a composite of intracellular and extracellular spaces, but since the extracellular space is considerably smaller, they reflect mainly the intracellular space. pHj values were calculated using equation II by subtracting the DM0 content of the extracellular space from the total DM0 content in the brain tissue. This required an assumption of %ECS volume. Extracellular water shifts intracellularly during and after ischemia, 13 " 1726 " and with respiratory alkalosis, 7 -9 while extracellular water content increases in vasogenic edema. 27 In normal rat cerebral cortex, the value for %ECS determined by the marker diffusion technique is approximately 15%.
28 N While the value for %ECS in white matter of normal rat brain is still uncertain, values around 5% have been reported in the dog. 7 -9 Accordingly, to calculate pH, we selected 15% for %ECS value in both cortical and subcortical gray matter and 5% in white matter in normal rats. While Roos 5 proposed that the calculated pH, values were insensitive to %ECS, this would appear to be true only at low values for %ECS. As shown in figure 6 , pH, values are affected significantly by changes in %ECS above 10 to 15%. In addition, figure 5 shows that the lower the DM0 content in the tissue, such as in areas of decreased pH, the greater is the effect of %ECS changes on calculated pH, values. Calculating pH, by equation II also requires assumptions for pH and DM0 content in extracellular water, pH c and DMO C . Previous investigators assigned variable values to these parameters, 4 " 9 but we assumed pH c and DMO C to be similar to those of plasma, since DMO concentrations in CSF equal those in plasma 60 min after DMO administration. 12 A few investigators have studied the regional differences in pH in normal brain 5 -7 -9 using I4 C-DMO, but autoradiographic determination of regional pH in brain has not yet been reported. Recently, "C-DMO was used to study cerebral acid-base balance in stroke patients using positron emission tomography. 30 The present study shows that I4 C-DMO radioactivities are slightly higher in gray than in white matter ( fig. 3) agreement with the results of Pellegrino et al. 9 This study also demonstrates that I4 C-DMO concentrations are markedly decreased primarily in the anterior two thirds of the cerebral cortex and in the lateral region of the caudate nucleus at 4 hours after MCA occlusion. As shown in figures 5 and 5, this decrease in concentration of I4 C-DMO in the ischemic region occurs regardless of the sequence of MCA occlusion and M C-DMO administration. Thus, cerebral perfusion is not a major limiting factor affecting DM0 distribution.
The cortical extracellular space has been reported to decrease by 50% l5~" 26 and cortical water content to increase slightly (80.7 to 83.0%) 16 during ischemia. Since such small increases of % H 2 O had negligible effects on calculated pH values ( fig. 6 ), we did not account for any H 2 O changes caused by ischemia. On the other hand, we used 7.5% for %ECS throughout the cortical gray matter and caudate nucleus of the ischemic hemisphere which assumed maximum shrinkage of the extracellular space. To the extent that the extracellular space is not as small, the true pH, values would be more acidic than the ones we have calculated.
The regional extent of reduced 14 C-DM0 concentration after MCA occlusion we are reporting coincides with the area of most severe reduction of cerebral blood flow (CBF) and histological damage reported with this technique. "• ' 3 -' 4 In contrast to the widespread reduction of CBF through the ipsilateral cerebral cortex after MCA occlusion, 13 l4 areas of markedly reduced I4 C-DMO on our autoradiographs tended to be more localized in the frontal, sensorimotor and parietal cortices. These are the regions of most severe CBF decrease, indicating that CBF has to be severely reduced to affect brain pH. To the extent that the drop in pH, depends on lactate accumulation, implying anaerobic glycolysis and continued glucose utilization in the face of decreased CBF, the decreased pH we are reporting is a reflection of disturbed coupling between cerebral glucose utilization and CBF. Finally, since it is now accepted that lactacidosis not only occurs in ischemia, 18 but may actually participate in the resulting histological damage, 19 this technique may be very useful in investigating attempts at modifying lactacidosis. SUMMARY To determine if 1,3-Butanediol (BD), which protects mice from hypoxia, would extend the tolerance of rats to ischemlc-hypoxia, the Levine rat (unilateral carotid ligation and conscious hypoxic exposure) was modified to record mean arterial pressure (BP), heart rate (HR), central venous pressure (CVP), spontaneous respiration and EEC Age and weight matched, male, Sprague-Dawley rats were anesthetized under halothane (1-2%), ligated, instrumented, and recovered 2 hrs before hypoxia (4.5% oxygen). Thirty minutes prior to hypoxia, groups of rats received, BD (47 mmoles/kg i.v.; n = 7), equal volumes of saline (S) (n = 6) or no-infusion (NI) (n = 7). Since no significant difference was observed between S and NT they were combined into a single control group (C). In a parallel group administered BD, resultant beta-hydroxybutarate (BHB) levels increased from 0.13 ± 0.02 to 0.84 ± 0.03 mM and temperature declined only 1.5°C. The EEG of all ischemlc-hypoxic rats invariably became isoelectric before cessation of spontaneous respiration and eventual loss of BP. BD significantly (p < 0.01, Student's t) increased ischemic-hypoxic tolerance (time to isoelectric EEG) from 875 ± 56 for the control group to 1338 ± 67 seconds for the BD group, without changing the interval from isoelectric EEG to loss of BP. Further, EEG activity persisted at a lower mean BP (p < 0.01) in the BD group (44 ± 5 mm Hg) than in the control group (66 ± 4 mm Hg). In summary, isoelectric EEG invariably precedes ventilatory failure and cardiovascular collapse. BD increases ischemic-hypoxic tolerance in the conscious rat by extending, at a lower mean BP, the time to isoelectric EEG.
Butanediol Induced Cerebral Protection from
Stroke Vol 15, No 3, 1984 CEREBRAL VASCULAR DISEASE is the third leading cause of death in the United States 1 "
8 and cerebral integrity is at risk in a variety of clinical settings, including: spontaneous cerebral vascular events, resuscitation from cardiac arrest and during certain common surgical procedures such as operations on the cerebral vasculature and open heart surgery. While statistically uncommon, the risk during these operations is, in aggregate, quite substantial due to the great number of such procedures performed annually.
No effective means of reversing an established cere-
